Congenital hypothyroidism is associated with delay in cell migration and proliferation in brain tissue, impairment of synapse formation, misregulation of neurotransmitters, hypomyelination and mental retardation. However, the mechanisms underlying the neuropsychological deficits observed in congenital hypothyroidism are not completely understood. In the present study we proposed a mechanism by which hypothyroidism leads to hippocampal neurotoxicity. Congenital hypothyroidism induces c-Jun-N-terminal kinase (JNK) pathway activation leading to hyperphosphorylation of the glial fibrillary acidic protein (GFAP), vimentin and neurofilament subunits from hippocampal astrocytes and neurons, respectively. Moreover, hyperphosphorylation of the cytoskeletal proteins was not reversed by T 3 and poorly reversed by T 4 . In addition, congenital hypothyroidism is associated with downregulation of astrocyte glutamate transporters (GLAST and GLT-1) leading to decreased glutamate uptake and subsequent influx of Ca through NMDA receptors and VDCCs might lead to an overload of Ca 2+ within the cells, which set off glutamate excitotoxicity and oxidative stress. The inhibited acetylcholinesterase (AChE) activity might also induce Ca 2+ influx. The inhibited glucose-6-phosphate dehydrogenase (G6PD) and gamma-glutamyl transferase (GGT) activities, associated with altered glutamate and neutral amino acids uptake could somehow affect the GSH turnover, the antioxidant defense system, as well as the glutamate-glutamine cycle. Reduced levels of S100B and glial fibrillary acidic protein (GFAP) take part of the hypothyroid condition, suggesting a compromised astroglial/neuronal neurometabolic coupling which is probably related to the neurotoxic damage in hypothyroid brain.
Introduction
Hypothyroidism during brain development produces hypomyelination, delay in cell migration and proliferation, impairment of synapse formation, and dysregulation of neurotransmitters (Zoeller and Rovet, 2004) . However, the mechanisms whereby congenital hypothyroidism leads to several neuropsychological deficits are not completely understood.
Astrocytes are the key regulators of the uptake and metabolism of the excitatory neurotransmitter glutamate controlling the glutamate-glutamine cycle in the brain by the uptake of glutamate through glutamate transporters and metabolizing it into glutamine via glutamine synthetase (GS) (Gras et al., 2006) . The removal of glutamate from the extracellular compartment mainly occurs through the activity of two sodium-dependent astroglial glutamate transporters termed GLAST (EAAT1) and GLT-1 (EAAT2) (Gegelashvili and Schousboe, 1997; Danbolt, 2001) . Otherwise, the system ''A'' is the major pathway for the uptake of glutamine by neurons, while the release of this amino acid from glia is mainly mediated by a system N transporter (Kanamori and Ross, 2004) . Reduction in neuronal uptake of glutamine is accompanied by concomitant reduction in intracellular glutamate concentrations, indicating that system A transporter-mediated glutamine uptake can be a prerequisite for the formation of glutamate inside neurons (Jenstad et al., 2009) .
Analysis of the levels of specific astrocyte markers has been used to evaluate the implications of astrocytes in brain damage. In this context, the Ca 2+ -binding protein S100B and the cytoskeletal protein glial fibrillary acidic protein (GFAP) are among the important astrocyte markers. S100B has many putative intracellular targets, including cytoskeletal proteins in glial and neuronal cells. The effects of secreted S100B vary from neurotrophic to apoptotic actions depending upon its concentration and signaling pathway activation (Donato, 2001 (Donato, , 2003 . Otherwise, our group has previously found that congenital hypothyroidism lead to down-regulation of GFAP in astrocytes of cerebral cortex of young rats (Zamoner et al., 2008a) .
Perturbation of glutamatergic neurotransmission can be regarded as a major cause for a number of neurological disorders and to be crucial for distinct neurodegenerative diseases (Rothstein et al., 1992 (Rothstein et al., , 1995 Gillessen et al., 2002; Zamoner and Pessoa-Pureur, 2011) . Moreover, the neurodegenerative diseases are frequently associated with oxidative stress (Jellinger, 1999; Cookson and Shaw, 1999; Markesbery and Carney, 1999 . The lowered GSH content appears to be the first indicator for oxidative stress during the progression of neurodegenerative diseases (Nakamura et al., 1997) . The synthesis of GSH appears to be dependent on the regulation of synaptic glutamate concentration by astrocytes (Dringen and Hirrlinger, 2003) . Thus, a disturbance in glutamate homeostasis might compromise the GSH content and function in CNS. In line with this, we have previously found that excitotoxic mechanisms decreased glutamate uptake and overactivated the N-methyl-Daspartate (NMDA) receptors, with subsequent free radical production, leading to the misregulation of the phosphorylating system associated with the intermediate filament proteins from neural cells (Zamoner et al., 2008a; Pierozan et al., 2012) . These findings suggest that alteration in the homeostasis of the cytoskeleton could be among the responses to different neurotoxic conditions.
The hippocampus is involved in various memory processes that are essential for creating new memories, and lesions to hippocampus result in impaired learning and memory (Zhang et al., 2011) . In recent years many studies have determined the great vulnerability of the different areas of the hippocampus to developmentally induced hypothyroidism. Dong et al. (2005) found impaired induction of long-term synaptic plasticity (LTP), reflecting CA1 damage in adult hypothyroid rats. However, LTP was not modified by congenital hypothyroidism during development (PN10-PN18) (Vara et al., 2003) , while the intrinsic excitability of CA1 neurons was (Sanchez-Alonso et al., 2012) . Gong et al. (2010) described histological alterations in hippocampal neurons of offspring in the CA1, CA3 and DG regions with nerve fiber malfunction and thus impairments in hippocampal development of hypothyroid young rats.
Therefore, in the present study we used a rat model of hypothyroidism generated by neonatal exposure to propylthiouracil (PTU) to examine neurochemical parameters implicated in neuronal development, synaptic function, learning and memory. In spite of the relevance of glutamate metabolism for normal neuronal and astroglial functions, the relationship between hypothyroidism and glutamatergic excitotoxicity remains unclear. Given that astrocyte and glutamate dysfunctions are described in several neurodegenerative conditions, in the present report we investigated some aspects of the neurometabolic coupling of astrocytes and neurons. We focused on glutamate metabolism, oxidative defenses, astrocyte markers GFAP and S100B, the phosphorylating system associated with cytoskeleton, as well as histological parameters of neural cells in hippocampus of hypothyroid rats in development. The present report provides an important contribution to the existing literature regarding alterations in hippocampal development induced by neonatal hypothyroidism.
Experimental procedures

Radiochemical and compounds
Anti-GLAST and anti-GLT-1 antibodies were obtained from Tocris Bioscience (Ellisville, MO, USA 
Animals
Wistar rats were obtained from our breeding stock. Rats were maintained on a 12-h light/12-h dark cycle in a constant temperature (22°C) colony room. On the day of birth the litter size was culled to eight pups. Dams were provided ad libitum with water and the Nuvilab CR-1 irradiated chow obtained from Nuvital (Curitiba, PR, Brazil). All procedures were conducted in accordance with ethical recommendations of the Brazilian Veterinary Medicine Council and the Brazilian College of Animal Experimentation (Protocol CEUA/PP00318). Results were obtained at least from three independent experiments using three or four animals per group in each experiment.
Induction of hypothyroidism
Congenital hypothyroidism was induced by adding 0.05% 6-propyl-2-thiouracil (PTU) in the drinking water from gestation day 9 and continually up to lactation day 15 (Zamoner et al., 2008a) . Euthyroid rats, receiving only water during the same period, were used as controls.
Preparation of hippocampus slices
Rats were killed by decapitation, the blood was collected, and the hippocampus was dissected onto Petri dishes placed on ice and the parietal region was cut into 300 lm thick slices with a
McIlwain chopper.
P in vitro incorporation
Preincubation and 32 P labeling Tissue slices were initially preincubated at 30°C for 20 min in a Krebs-Hepes medium containing 124 mM NaCl, 4 mM KCl, 1.2 mM MgSO 4 , 25 mM Na-HEPES (pH 7.4), 12 mM glucose, 1 mM CaCl 2 , and the following protease inhibitors: 1 mM benzamidine, 0.1 lM leupeptin, 0.7 lM antipain, 0.7 lM pepstatin and 0.7 lM chymostatin. After preincubation, the medium was changed and incubation was carried out at 30°C with 100 lL of the basic medium containing 80 lCi of [ 32 P] orthophosphate, with or without addition of 1 lM T 3 or 0.1 lM T 4 , when indicated. The labeling reaction was normally allowed to proceed for 30 min at 30°C and stopped with 1 mL of cold stop buffer (150 mM NaF, 5 mM, EDTA, 5 mM EGTA, 50 mM Tris-HCl, pH 6.5, and the protease inhibitors described above. Slices were then washed twice with stop buffer to remove excess radioactivity.
Preparation of the high salt-Triton insoluble cytoskeletal fraction
Briefly, after the labeling reaction, slices were homogenized in 400 lL of ice-cold high salt buffer containing 5 mM KH 2 PO 4 , (pH 7.1), 600 mM KCl, 10 mM MgCl 2 , 2 mM EGTA, 1 mM EDTA, 1% Triton X-100 and the protease inhibitors. The homogenate was centrifuged at 15,800g for 10 min at 4°C in an Eppendorf centrifuge. The supernatant was discarded and the pellet was homogenized with the same volume of the high salt medium. The resuspended homogenate was centrifuged as described and the supernatant was discarded again. The Triton-insoluble IF-enriched pellet, containing neurofilament (NF) subunits of low, medium and high molecular weight (NF-L, NF-M and NF-H respectively), vimentin and GFAP, was dissolved in 1% SDS and protein concentration was determined.
Polyacrylamide gel electrophoresis (SDS-PAGE)
For electrophoresis analysis, samples were dissolved in 25% (v/v) of a solution containing 40% glycerol, 5% mercaptoethanol, 50 mM Tris-HCl, pH 6.8 and boiled for 3 min. Equal protein concentrations were loaded onto 10% polyacrylamide gels, analyzed by SDS-PAGE. The gels containing the IF-enriched cytoskeletal fraction were exposed to X-ray films (T-mat G/RA) at À70°C with intensifying screens, and the autoradiograph was obtained.
Western blot analysis
In some experiments total tissue extracts were processed to Western blot analysis. The nitrocellulose membranes were washed for 10 min in Tris-buffered saline (TBS; 0.5 M NaCl, 20 mM Trizma, pH 7.5), followed by 2 h incubation in blocking solution (TBS plus 5% defatted dried milk). After incubation, the blot was washed twice for 5 min with TBS plus 0.05% Tween-20 (T-TBS), and then incubated overnight at 4°C in blocking solution containing 0.25 lg/mL rabbit anti-GLT-1 antibody, anti-GFAP (clone G-A-5) diluted 1:500 or mouse anti-b-actin diluted 1:2000. The blot was then washed twice for 5 min with T-TBS and incubated for 2 h in TBS containing horseradish peroxidase conjugated secondary antibody anti-rabbit IgG diluted 1:2000 or anti-mouse IgG diluted 1:1000. The blot was washed twice again for 5 min with T-TBS and twice for 5 min with TBS. The blot was then developed using the Immobilon™ Western chemiluminescent HRP substrate).
Quantitation of Western blot and
32
P incorporation into IF proteins
The radioactivity incorporated into cytoskeletal proteins as well as the immunoblots were quantified by scanning the films with a Hewlett-Packard Scanjet 6100C scanner and determining optical densities with an OptiQuant version 02.00 software (Packard Instrument Company). H] glutamate. Incubation was stopped after 5 min by removal of the medium and rinsing the slices twice with ice-cold HBSS. Slices were then lysed in a solution containing 0.5 M NaOH. Sodium-independent uptake was determined using N-methyl-D-glucamine instead of sodium chloride. Sodium-dependent glutamate uptake was obtained by subtracting the non-specific uptake from the specific uptake. Radioactivity was measured with a scintillation counter.
Glutamate uptake assay
Glutamine synthetase activity
Briefly, homogenate (0.1 mL) was added to 0.1 mL of reaction mixture containing 10 mM MgCl 2 ; 50 mM L-glutamate; 100 mM imidazole-HCl buffer (pH 7.4); 10 2-mercaptoethanol; 50 hydroxilamine-HCl; 10 ATP and incubated for 15 min at 37°C. The reaction was stopped by the addition of 0.4 mL of a solution containing (in mM): 370 ferric chloride; 670 HCl; 200 trichloroacetic acid. After centrifugation, the supernatant was measured at 530 nm and compared to the absorbance generated by standard quantities of c-glutamylhydroxamate treated with ferric chloride reagent.
Glutathione content
GSH content was determined as described by Browne and Armstrong (1998) . Briefly, slices were homogenized in sodium phosphate buffer (0.1 M, pH 8.0) containing 0.005 M EDTA and protein was precipitated with 1.7% meta-phosphoric acid. Supernatant was assayed with o-phthaldialdeyde (1 mg/mL) at room temperature for 15 min. Fluorescence was measured using excitation and emission wavelengths of 350 and 420 nm, respectively. GSH concentrations were calculated as nmol/mg protein.
Lipoperoxidation (TBARS levels) evaluation
The lipid peroxidation extent was spectrophotometrically determined at 535 nm in hippocampal slices by the thiobarbituric acid method described by Bird and Draper (1984) . Values were expressed in nmol TBARS mL
À1
.
S100B measurement
The S100B immunocontent was determined by ELISA in samples of hippocampus and serum of control and hypothyroid young rats. ELISA for S100B was carried out as previously described (Zamoner et al., 2007) . After washing, tissue was lysed in 0.5 M NaOH, the protein concentration was determined (Lowry et al., 1951) . Radioactivity was measured with a scintillation counter.
For amino acid accumulation experiments, hippocampal slices were pre-incubated in KRb buffer for 30 min in a Dubnoff metabolic incubator at 37°C, pH 7.4 and gassed with O 2 :CO 2 (95:5; v/v). The slices were then incubated in fresh KRb buffer for 60 min. [ 14 C] MeAIB (3.7 kBq/mL) was added to each sample during the incubation period (Silva et al., 2001) . After incubation the slices were lysed in 0.5 M NaOH, the protein concentration was determined (Lowry et al., 1951) , and radioactivity was measured with a scintillation counter. The results were expressed as the tissue/ medium (T/M) ratio: cpm/mL tissue fluid per cpm/mL incubation medium.
Enzymatic activity of GGT, acetylcholinesterase and G6PD
Slices of hippocampus were homogenized in cold 0.1 M Tris buffer, pH 8.5 (10% homogenate w/v) to determine GGT activity or in 0.2 M Tris buffer, pH 7.4 to quantify acetylcholinesterase and G6PD activities. Sample aliquots were saved for total protein determinations (Lowry et al., 1951) .
GGT assay
Gamma-glutamyl transferase (GGT) activity was measured with the use of the modified technique described previously by Orlowsky and Meister (1963) using L-c-glutamyl p-nitroanilide as substrate and glycylglycine as the acceptor molecule. The results were expressed as IU/L/lg protein.
G6PD assay
For measuring the glucose-6-phosphate dehydrogenase (G6PD) activity, hippocampus slices were incubated in the presence of NADP + leading to the oxidation of glucose-6-phosphate to 6-phosphoglunate. The NADPH produced was measured in a kinetic mode.
Cholinesterase assay Cholinesterase enzymatic assay was performed by using acetylthiocholine as a substrate. The rate of hydrolysis of acetylthiocholine was measured at 412 nm for 2 min, through the release of the thiol compound that reacts with DTNB (5,5 0 -dithio-bis(2-nitrobenzoic acid) and produces the color-forming compound TNB. The activity was expressed in U/lg protein.
Histological procedures for cell counting
Control and hypothyroid animals were anaesthetized with xylazine (0.1 mL/100 g body weight, i.m.) and ketamine (0.1 mL/100 g body weight, i.m.) and perfused with phosphate buffered saline (PBS) containing heparin (50 mL in the 15-day-old rats) followed by 4% paraformaldehyde diluted in 0.1 M phosphate buffer (pH 7.4) at 4°C of the same flow rate and total amount. The perfusion rate was approximately 100 mL. After perfusion, the brain was extracted from the skull, weighed, and placed in the same fixing solution for 72 h. After fixation, the brain was washed for 1 h in running water, dehydrated in increasing concentrations of ethanol (70%, 80%, 90%, 95% and absolute ethanol) and cleared with xylol. Brains were then embedded in paraplastic resin (Histosec). Coronal serial sections (6 lm thickness) were obtained with a microtome and serially collected on glued slides. The tissue was stained with cresyl violet, and then the sections were dehydrated through an alcohol series, cleared with xylene, and coverslipped with Entellan. The cell body layer of the CA1, CA2, CA3, CA4 and dentate gyro fields of the hippocampus were identified according to a rat brain atlas (Paxinos and Watson, 2008) .
Estimation of the numerical density of cells
Images were captured with a light microscope (Olympus, BX-41) equipped with a digital camera (3.3 Mpixel QCOLOR3C, Qimaging™) and image acquisition software (Qcapture Pro 5.1, Qimaging™). Sections were viewed with a 100Â planachromatic immersion oil objective. For each frame, the thickness of the section was measured by focusing on the upper and lower section surfaces, and verified objectively by manually focusing to control the z-axis (Mandarim- de-Lacerda et al., 2010) . The neurons with a well-focused nucleus when focusing upward, but not downward, were counted. The nucleus of the cell should be inside the test area, but it could not touch two borders of the previously chosen test areas (forbidden lines) (Gundersen, 1977; Howard and Reed, 2005) .
For the sake of efficiency, we analyzed the nuclei of the neurons.
The number of cell nuclei was counted inside a frame of 2958 lm 3 in the lookup plane. The center of the nucleus, as opposed to the top of nucleus, was measured. The thickness of the disector (t) was 5 lm, representing 1/4-1/3 of the height of the nuclei, which in practice is the more important constraint on section thickness (Gundersen and Osterby, 1981) . Beginning with the third posterior section, we counted each 80 section rostrally. We analyzed 10 sections throughout the hippocampus, between figures 27 (bregma: 2.30) and 42 (bregma: 6.04) of the atlas (Paxinos and Watson, 2008) .
Immunohistochemistry for GFAP and NeuN
After fixation, the brain was cryoprotected with a 15% sucrose/ PBS solution until the sample was saturated, followed by immersion in a 30% sucrose/PBS solution. The sample was then frozen in cooled isopentane, and coronal serial sections (50 lm thickness) of the hippocampus were obtained using a cryostat and rat brain atlas (Paxinos and Watson, 2008) for anatomical references.
The samples were collected in PBS solution every 100 lm. The tissue was processed for GFAP immunohistochemistry by using the antibody peroxidase-antiperoxidase (PAP) procedure. According to this procedure, free-floating sections were treated in 10% methanol and 3% H 2 O 2 for 30 min and washed carefully. Then, the sections were pre-incubated in 3% normal goat serum (NGS) in PBS containing 0.3% Triton X-100 (PBS-Tx) for 30 min and incubated with rabbit polyclonal anti-GFAP diluted 1:150 or mouse anti-NeuN antibody, diluted 1:500 in 3% NGS in PBS-Tx for 48 h at 4°C. The NeuN antibody specifically recognizes the DNA-binding, neuron-specific protein NeuN, which is present in most neuronal cell types of all vertebrates tested. NeuN protein distributions are apparently restricted to neuronal nuclei, perikarya and some proximal neuronal processes (Mullen et al., 1992) , while GFAP is an IF protein, used as astrocyte biomarker. After washing several times with PBS-Tx, sections were incubated in an anti-rabbit IgG solution diluted 1:50 in PBS-Tx at room temperature for 2 h. Sections were washed again in PBS and incubated in anti-rabbit (for GFAP) or anti-mouse (for NeuN) peroxidase-anti-peroxidase (PAP) diluted 1:500 in PBS for 2 h at room temperature. The immunohistochemical reaction was performed by incubating the sections in a histochemical medium containing 0.06% 3 0 3-diaminobenzidine (DAB) dissolved in PBS for 10 min and then in a similar solution containing 1 lM of 3% H 2 O 2 per mL of DAB medium for 10 min. Afterwards, the sections were rinsed in PBS, dehydrated in ethanol, cleared with xylene and covered with Entellan and coverslips. The tissue of all animals in this experiment was processed (perfusion and immunodetection) in the same day, using the same solutions to avoid changes in background and differences in the chromogen reaction.
Statistical analysis
Variations in astroglial cell density and neuron density for each pyramidal cell layer of the hippocampus induced by hypothyroidism were analyzed by a one-way ANOVA. Post-hoc analyses were carried out using the Tukey HSD test when appropriate. Biochemical data were analyzed statistically by Student t test or one-way ANOVA followed by Bonferroni multiple comparison test. Differences were considered to be significant when p < 0.05.
Results
In the present study, we induced congenital hypothyroidism by administration of 0.05% PTU to the dams in the drinking water (Zamoner et al., 2008a (Zamoner et al., , 2008b . The effectiveness of PTU is evidenced by decreased T 3 and T 4 , associated with high TSH levels (Table 1) . Therefore, neurochemical and histochemical parameters were analyzed in the hippocampus of 15-day-old hypothyroid male pups.
Hypothyroidism disrupted the homeostasis of the cytoskeleton and this effect was not reversed by thyroid hormones
We initially investigated the in vitro effect of congenital hypothyroidism on the activity of the phosphorylating system associated with the glial fibrillary acidic protein (GFAP), vimentin and neurofilament (NF) subunits of low (NF-L), medium (NF-M) and high (NF-H) molecular weight, of hippocampal astrocytes and neurons respectively. Results showed that hypothyroid rats presented hyperphosphorylation of all IF subunits, as compared with euthyroid animals (Fig. 1 A) . Moreover, when hypothyroid tissue slices were incubated with 1 lM T 3 or 0.1 lM T 4 , IF hyperphosphorylation was not reversed, except for GFAP hyperphosphorylation, which was partially reversed by T 4 (Fig. 1A) .
The lysine-serine-proline (KSP) repeats located in the carboxylterminal tail domains of NF-M and NF-H were the main phosphorylating sites targeted in the hippocampal neurons of hypothyroid animals, as depicted in Fig. 1B and this effect could have been mediated, at least in part, by the c-Jun-N-terminal kinase (JNK), which is a mitogen-activated protein kinase (MAPK) family member which appeared activated/phosphorylated in the hypothyroid hippocampus (Fig. 1C) . KSP repeats hyperphosphorylation was not reversed by supplementation with T 3 , but it was partially reversed by T 4 , suggesting that this hormone is able to partially restore the homeostasis of JNK signaling pathway preventing the disruption of the neural cytoskeleton. These results shed light into the effects of congenital hypothyroidism on the signaling mechanisms associated with the cytoskeleton of neural cell in the hippocampus of rats. Also, the total inability of T 3 and the partial ability of T 4 in restoring this equilibrium, suggest the complexity of these actions. We, therefore, assessed other neurochemical parameters to better evaluate the consequences of congenital hypothyroidism in the hippocampus during development.
Hypothyroidism decreases the levels of the astrocyte proteins S100B, GFAP, GLAST and GLT-1 in hippocampus Astrocytes are active participants in brain metabolism, synaptic plasticity and information processing, thus to further assess the consequences of hypothyroidism on astrocyte function, we analyzed the expression of two important astrocyte biomarkers, named S100B and GFAP, as well as the levels of the glutamate transporters GLAST and GLT1. S100B levels significantly decreased in hippocampal slices from hypothyroid animals. However, the serum levels of this protein were increased ( Fig. 2A) . Moreover, down-regulation of GLAST and GLT-1 immunocontent observed in hippocampus (Fig. 2B) was consistent with the low glutamate uptake (Fig. 3A) . Furthermore, GFAP levels were significantly decreased in this brain structure, suggesting down-regulated expression, increased turnover or reduced cell number (Fig. 2C) . accumulation into hippocampal cells after 30 min exposure to the radiolabel (Fig. 3B) , compatible with glutamate excitotoxicity in the hippocampus of hypothyroid rats. However, the increased [ 14 C]-MeAIB accumulation in hippocampus (Fig. 3C ) suggested higher glutamine uptake by neurons in the hypothyroid hippocampus, as compared with euthyroid animals.
Congenital hypothyroidism alters
Hypothyroid condition leads to oxidative stress and modifications on enzymatic activities
We aimed to investigate the status of GSH-GSSG in the hippocampus of hypothyroid rats since GSH plays a fundamental role in protecting cells by destroying hydrogen peroxide and hydroxyl free radicals. Congenital hypothyroidism lead to reduced GSH content (Fig. 4A) , associated with higher levels of TBARS (Fig. 4 B) , strongly suggesting oxidative stress generation. The decreased GSH levels could be associated with decreased [ 3 H]-glutamate uptake (Fig. 3A) in hypothyroid pups, since glutamate is partially directed to GSH production in astrocytes. Consistent with low glutamate levels, the astrocytic enzyme glutamine synthetase (GS) is down regulated, since this enzyme uses glutamate to generate glutamine into the astrocytes (Fig. 4C) . Thus, it is feasible that decreased GS activity could be related with glutamate excitotoxicity in congenital hypothyroidism. Also, regeneration of GSH from its oxidized form (GSSG) requires NADPH produced in the glucose-phosphate dehydrogenase (G6PD) reaction. Thus, the lower levels of GSH, could be related with the significant reduction on G6PD activity in hippocampus from hypothyroid animals (Fig. 4D) . In addition, gamma-glutamyltransferase (GGT) levels appeared lowered in Table 1 Effect of congenital hypothyroidism on serum levels of thyroid hormones (T 3 and T 4 ) and thyroid-stimulating hormone (TSH) in immature rats.
Control Hypothyroid
FT 3 (ng/mL) 3.14 ± 0.018 0.38 ± 0.0021 (FT 3 and T 3 , respectively), free and total T 4 (FT 4 and T 4 , respectively) and TSH (rTSH = rat TSH). Data are reported as means ± S.E.M; n = 10 in both groups. Statistically significant differences from controls, as determined by Student's t test are indicated. * P < 0.0001.
hypothyroid animals (Fig. 4 E) . The primary role of cellular gamma glutamyltransferase (GGT) is to metabolize extracellular reduced glutathione (GSH), allowing for precursor amino acids to be assimilated and reutilized for intracellular GSH synthesis (Lee et al., 2004) . Therefore, it is feasible that low GGT activity could be related with low cytoplasmic GSH levels in the hippocampus of hypothyroid animals. Hypothyroidism significantly reduces the acetylcholinesterase activity in the spinal cord of rat pups (Koohestani et al., 2012) moreover, it has been described that free radicals are associated with cholinergic dysfunction (Ahmad et al., 2012) . In line with this, we found decreased acetylcholinesterase activity in hippocampal slices of hypothyroid rats, although no modifications were observed in serum samples from these pups (Fig. 5) , suggesting that altered cholinergic transmission could be associated with the oxidative imbalance we are evidencing in the congenital hypothyroidism.
Hypothyroidism reduces neuron and glial cell number in hippocampus
In order to tentatively establish a link between the neurochemical parameters analyzed and histochemical alterations in the hypothyroid hippocampus, we carried out histochemical analysis. Fig. 6 shows the difference in cresyl violet stained pyramidal neuron density in the hippocampus from control and hypothyroid pups (CA1, CA2, CA3, CA4 and dentate gyros -DG). Because the neuron density did not differ between the two hemispheres, we eliminated this factor from the analysis by grouping data from the two hemispheres. The number of neurons was decreased in hypothyroid hippocampus at all the analyzed regions. On the other hand, the number of glial cells in CA4 and dentate gyros from hypothyroid group was lower than in the control group while no differences were observed between groups in the other hippocampal regions. Otherwise, it is important to note that despite the immunohistochemical analysis depicted in Fig. 7 shows that NeuN immunoreactive neurons were detected in all hippocampal subregions, both in control and hypothyroid groups, decreased NeuN positive immunoreactivity confirmed the decreased neuronal population in all areas of hippocampus in both hemispheres. In the immunohistochemistry depicted in Fig. 8 we can observe the astroglial (GFAP positive immunoreactivity) cell counting among the pyramidal cells of the hippocampal areas in both hemispheres of 15-day-old male pups. Interestingly, the effect of hypothyroidism is different in the right hemisphere from that on the left one. Results demonstrated lower GFAP positive cells in CA3 and CA4 regions in the right hemisphere of the hippocampus, while in the left hemisphere the GFAP positive cells were decreased in CA4 and dentate gyros. Surprisingly, in CA1 of the left hemisphere GFAP immunoreactivity was increased, according to cell counting.
Discussion
The present study demonstrated that congenital hypothyroidism is associated with JNK activation, cytoskeleton misregulation, as well as downregulation of astrocyte glutamate transporters Fig. 2 . Effect of congenital hypothyroidism on the levels of the astrocyte proteins S100B, GFAP and glutamate transporters GLAST and GLT-1. S100B immunocontent was determined by ELISA in serum in hippocampus of rats. GFAP, GLAST and GLT-1 immunocontents were determined by Western blot in homogenate of rat hippocampus. Representative immunoblots were showed: C = Control; H = hypothyroid. b-actin immunoblots were showed as protein loading control. Data are reported as means ± S.E.M. of 10 animals and expressed as% of controls. Statistically significant differences from controls, as determined by Student's t-test were indicated: Ã P < 0.001; ÃÃ P < 0.0001. and VDCCs leads to an overload of Ca 2+ within the cells, which set off glutamate excitotoxicity and oxidative stress. These events suggest a compromised neural defense system that is probably related to the neurotoxic damage in hypothyroid brain. Interestingly, hypothyroidism altered the phosphorylating system associated with cytoskeleton of both neuron and astrocyte IFs, but supplementation with T 3 did not reverse either neuronal and astrocyte IF hyperphosphorylation. On the other hand, the phosphorylation of GFAP and of KSP repeats on NF-H were partially reversed by T 4 , suggesting that this hormone might restore, at least in part, the homeostasis of the phosphorylating system associated with the cytoskeleton. These data are consistent with previous evidence from Zamoner et al. (2008a) showing that hypothyroidinduced hyperphosphorylation of IF was not reversed by short-term exposure to T 3 in cerebral cortex of young rats.
NF-M and NF-H KSP repeats are among the preferential targets for the MAPKs, including JNK, and misregulated phosphorylation of KSP sites, in particular those of NF-H, regulates NF axonal transport (Jung et al., 2000) . In this context, hyperphosphorylation of these sites plays a role in several neurological disorders (Sihag et al., 2007) . Activation of JNK is regarded as a molecular switch in stress signal transduction. Several stimuli, including ROS (Seki et al., 2012) , are able to activate JNK pathway, playing critical roles in regulating cell fate, including gene expression, cell proliferation and programmed cell death. Also, Sherrin et al. (2011) described a role for hippocampal JNK in memory and synaptic plasticity. Therefore, it is feasible that ROS generation in the hypothyroid Fig. 4 . Congenital hypothyroidism leads to oxidative stress and modifies the activity of enzymes involved in GSH metabolism in rat hippocampus. GSH content (A), thiobarbituric acid-reactive substances (TBARS) measurement of lipid peroxidation (B), glutamine synthetase activity (C), c-glutamyl trasferase activity (D) and G6PD activity (E). Data are reported as means ± S.E.M. of 8 animals. Statistically significant differences from controls, as determined by Student's t-test were indicated: Ã P < 0.001; ÃÃ P < 0.00001; ÃÃÃ P < 0.000001. Fig. 5 . Effect of congenital hypothyroidism on acetylcholinesterase activity in serum and hippocampus of immature rats. Data are reported as means ± S.E.M. of 10 animals. Statistically significant differences from controls, as determined by Student's t-test were indicated: ÃÃ P < 0.0001.
hippocampus of 15-day-old rats elicited the JNK signaling pathway, misregulating the homeostasis of the cytoskeleton and contributing to delayed hippocampal development.
In the CNS, astrocytes are the main protectors of neurons from excitotoxicity and this protection is conferred mainly by clearance of extracellular glutamate (Danbolt, 2001; Gras et al., 2006) . Taking Fig. 6 . Cell counting from cresyl violet staining showing the effects of hypothyroidism on neuronal (A) and astroglial (B) cell density in the hippocampal pyramidal cell layer of 15-day-old male rats. Panel C: hippocampal overview and selected regions of CA1, CA2, CA3, CA4 and dentate gyrus -DG. Pyramidal cells were recognized as having a distinct nucleolus within an ovoid nucleus and had elongated perikarya. The arrow indicates a neuron, which is recognized as having a larger size than other cells and having a distinct nucleolus within the nucleus. Bars represent the mean ± S.E.M of 5 animals in each group (control and hypothyroid). Results were compared between groups by using a one-way ANOVA followed by Tukey-Kramer multiple comparison test. Statistically significant differences from controls were indicated: Ã P < 0.01; ÃÃ P < 0.001; ÃÃÃ P < 0.0001. Fig. 7 . Immunohystochemistry for NeuN of the hippocampus (CA1, CA2, CA3, CA4 and dentate gyrus -DG) of 15-day-old male rats. The arrow indicates a NeuN immunoreactive neuron. Bars represent the mean ± S.E.M of 5 animals in each group (control and hypothyroid). Results were compared between groups (control and hypothyroid). Statistically significant differences from controls, as determined by one-way ANOVA followed by Tukey-Kramer multiple comparison test were indicated: Ã P < 0.01; ÃÃ P < 0.001.
into account these findings, our results demonstrating decreased glutamate uptake, increased 45 Ca 2+ uptake, decreased levels of glutamate transporters (GLAST and GLT-1) and diminished GS activity in hippocampal slices from hypothyroid rats support a possible glutamate-induced excitotoxicity in this brain structure. In this context, in astrocytes, the enzyme GS rapidly converts glutamate into glutamine (Danbolt, 2001; Dringen and Hirrlinger, 2003) , which serves as an important precursor for the synthesis of the primary excitatory neurotransmitter by neurons through the neuronal enzyme glutaminase. The hypothyroid condition clearly showed a disruption of glutamate-glutamine cycle, by interfering on the excitatory neurotransmitter metabolism (by inhibiting GS) and transport (by decreasing GLAST and GLT-1 levels). These events may induce neuronal excitotoxicity due to an excessive extracellular glutamate concentration (Coulter and Eid, 2012) . Moreover, considering that GS expression and activity are up-regulated by T 3 the reduced GS activity we are evidencing is consistent with the hypothyroid condition. Because purines, pyrimidines, and certain amino acids necessary for the synthesis of myelin components are, in part, provided by the GS pathway, T 3 effect on myelination development and maturation could be mediated in part, through the GS gene regulation (Baas et al., l998) . Thus, myelination delay and reduced myelin amount in hypothyroid rat brain (Ibarrola and Rodriguez-Pena, 1997; Tosic et al., 1992) could be related with the decreased GS activity/ expression we are evidencing.
In CNS, S100B is found predominantly in the cytoplasm and nucleus of astrocytes, where it regulates cytoskeleton and cell proliferation, along with other members of the S100 family. Part of this protein content (less than 1%) is secreted in a regulated manner (Gonçalves et al., 2008) . As a consequence, S100B can be detected in the cerebrospinal fluid and in serum. S100B protein levels (intra and extracellular) have been used as a parameter of astrocyte activation and/or death in several situations of brain injury (Kleindienst and Ross Bullock, 2006; Berger et al., 2007; Tanaka et al., 2008; Murabayashi et al., 2008) . Our present results show that Results were compared between groups (control and hypothyroid). Statistically significant differences from controls, as determined by one-way ANOVA followed by Tukey-Kramer multiple comparison test were indicated: hypothyroidism leads to elevated S100B serum levels associated with decreased content of this protein in the hippocampus of developing rats. These data would support a role for serum S100B as peripheral marker of brain damage in the hypothyroidism. Our results are consistent with previous data describing elevated S100 serum levels in perinatal acidosis (Maschmann et al., 2000) and higher S100B in the serum of newborns with hypoxicischemic encephalopathy (Murabayashi et al., 2008) . However, many extracerebral sources contribute to the serum S100B content, including adipocytes, chondrocytes, lymphocytes, bone marrow cells and melanoma cells (Donato, 2001) .
On the other hand, considering that hypothyroidism in developing rats results in abnormal and delayed brain development (Bernal, 2007) , we could ascribe the high S100B serum levels as a consequence of delayed glial maturation and or decreased glial cell number in these rats. In fact, a developmental postnatal decrease has been described in serum S100B of children and in CSF S100B of rats (Tramontina et al., 2002) . Brain tissue decrease in S100B content, glutamate transporters and glutamine synthetase, as well as in GFAP content are all associated with astrocyte maturity, and reinforces the possibility of delayed astroglial development.
It is also described that elevated extracellular glutamate levels decrease S100B release in hippocampal astrocytes (Tramontina et al., 2006) . Taking into account that we have demonstrated decreased levels of glutamate transporters in cerebral cortex (Zamoner et al., 2008a) and hippocampus of hypothyroid animals, supporting high extracellular concentrations of glutamate, it is feasible that the reduced intracellular S100B levels might be related to glutamate excitotoxicity. Also, the reduced glutamate uptake leads to decreased intracellular glutamate that therefore becomes unavailable as a GSH precursor (Dringen and Hirrlinger, 2003) . Glutamate and GSH metabolisms intricately interact as a result of complex mechanisms and these interactions might be altered in hypothyroidism.
GSH is a critical component of astrocyte neuroprotective functions. In this context, reduced GSH content associated with increased TBARS levels observed in hippocampus might induce neurotoxic damage in hypothyroid rat brain. Moreover, the high level of O 2 consumption confers a particular vulnerability of brain to oxidative stress. Thus, down-regulation of GSH, the main antioxidant of brain, might be responsible, at least in part, by the oxidative stress in hypothyroid brain (Dasgupta et al., 2007) , since compromised astroglial GSH system may contribute to a lower defense capacity (Drukarch et al., 1997) . GSH-dependent redox systems are reliant upon a continuous supply of NADPH as the major electron donor. The cellular supply of NADPH is mainly believed to be provided by G6PD activity (Halliwell and Gutteridge, 2007) . In this context, the inhibition of G6PD observed herein might lead to decreased supply of NADPH and subsequent oxidative stress generation in hippocampus of hypothyroid animals and might be also associated with decreased levels of GSH. Glutathione synthesis is orchestrated by the enzymes of the gamma-glutamyl cycle and deficiencies in the enzymes involved in the GSH metabolism could be associated with neurological disorders. GGT is an astroglial ecto-enzyme which transfers the gammaglutamyl moiety of GSH to an acceptor amino acid, and thus its activity can generate putative precursors of neuronal GSH (Dasgupta et al., 2007; Koga et al., 2011) . GSH levels, as well as GGT and G6PD activities were determined trying to connect our results to deficiencies in the antioxidant defense system in hypothyroid rat brain. Thus, the inhibition in GGT activity observed by us might diminish the reservoir of glutamate necessary to GSH synthesis leading to a decrease in the levels of this important antioxidant in brain. However, this phenomenon requires further investigation.
Cholinesterase inhibition observed in hippocampal slices from hypothyroid animals could be related to modifications in brain cognition. According to Wu et al. (2010) in response to MeAIB in STC-1 cells. It is also described that amino acid transport through system A transporter is a major mechanism by which amino acids induce Ca 2+ signaling. Taking into account our findings, alterations in system A transporter, in glutamate uptake, in Ca 2+ uptake in glutamate-glutamine cycle and in oxidative stress were probably interconnected and must be together one of the key factors involved in cognitive alterations induced by congenital hypothyroidism. Hypothyroidism during the fetal and/or the neonatal period results in several histological changes in the neonatal rat brain, such as reduced synaptic connectivity, delayed myelination, disturbed neuronal migration and modifications in neurotransmission leading to deleterious effects for central nervous system development (Bernal, 2007) .
The hippocampus integrates the encoding, storage and recall of memories, binding the spatio-temporal and sensory information that constitutes experience and keeping episodes in their correct context. The rapid and accurate processing of data relies on interconnected networks corresponding to the anatomical subfields of DG, CA3 and CA1 (Jones and McHugh, 2011) . Hasegawa et al., 2010 showed reductions of the hippocampal and brain volume of the hypothyroid rats when compared to control animals. The most significant morphological findings of the present study concern the decreased density of neurons in all pyramidal cell layer of the hippocampus (CA1, CA2, CA3, CA4 and DG) in both hemispheres of 15-day-old hypothyroid rat hippocampus and the differential alterations in density of astroglial cells in each hemisphere of the brain. The decreased density of neurons in developmental hypothyroidism is in line with Gong et al. (2010) , who found decreased number of surviving cells in the hippocampus of young hypothyroid rats. These findings could support the cognitive impairment associated with hypothyroid condition in adults.
Astrocytes are the main glial cells involved in the development of the nervous system. These cells are involved in neuron migration and maturation, myelination, ionic regulation, metabolism of neurotransmitters and synaptic integration (Bezzi et al., 2001; Kettenmann and Ransom, 1995) . In the present study we found that the GFAP positive cells were increased in CA1 from the left hemisphere of hypothyroid hippocampus, however, the right one was unaffected by the hypothyroidism. These data suggest a laterality effect. Our results are in line with Raftogianni et al. (2012) who described that protein expression is lateralized in the hippocampus of 13-day-old rat pups and most of the proteins, including GFAP were up-regulated in the left hippocampus in response to an early experience involving either receipt or denial of the expected reward of maternal contact. The authors propose this effect could reflect developmental changes in both hemispheres.
Since no differences were observed in the laterality of hippocampal neuronal density, it is feasible that changes in synaptic plasticity could be more directly related to the increased density of astrocytes in the left hemisphere. Altogether, these data clearly demonstrate the differential vulnerability of astrocyte from the different hippocampal subregions to thyroid hormone deficit, resulting in a compromised astroglial defense system that is probably related to a misregulation in the glutamate-glutamine cycle, oxidative stress, and neurotoxic damage in hypothyroid brain. These deficiencies in hippocampal astrocyte functions appear to play a role in the physiopathology of the neurological dysfunctions of hypothyroidism.
Taking together our present results, we propose a hypothyroidism-induced glutamatergic excitotoxicity, considering the alterations in calcium and glutamate uptake and transporters, inasmuch as glutamate homeostasis could be somehow involved in almost all aspects of normal and abnormal brain activities.
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